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Two Directions of Plasticity
in the Sensory-Deprived Adult Cortex
the level of sensory information arriving at the receptor
surface is either attenuated or completely blocked with-
out harming the sensory receptor surface itself. The
Daniel B. Polley,* Cynthia H. Chen-Bee,
and Ron D. Frostig
Department of Neurobiology and Behavior
effects of sensory deprivation were first demonstratedCenter for the Neurobiology
in the developing visual cortex following the disruptionof Learning and Memory
of normal vision to one eye (Wiesel and Hubel, 1963).University of California Irvine
Deprivation-induced plasticity has since been demon-Irvine, California 92697-4550
strated in the developing (Kossut, 1985; Simons and
Land, 1987; Fox, 1992; Finnerty et al., 1999) and adult
(Diamond et al., 1993; Armstrong-James et al., 1994;Summary
Dolan and Cahusac, 1996; Glazewski et al., 1996;
Kossut, 1998) rodent somatosensory cortex followingDamage or deprivation of a localized region of the
whisker removal, an innocuous deprivation of sensoryskin surface has been shown to induce a selective
input analogous to monocular deprivation.expansion of adjacent skin surface representations in
The consequences of whisker deprivation in the ro-the adult somatosensory cortex. Here, we use re-
dent adult somatosensory cortex have thus far beenpeated optical imaging in conjunction with single unit
consistent with the effects of damage or denervation ofrecordings to assess the plasticity of a single whis-
the skin surface, albeit on a more modest scale. Spe-ker's functional representation in the adult rat. We
cifically, activity in regions of the cortex correspondingobserved a large-scale expansion of a single whis-
to the deprived whiskers exhibits increased levels ofker's functional representation following innocuous
2-deoxyglucose (2-DG) uptake (Kossut, 1998) and singleremoval of all neighboring whiskers. Surprisingly, the
unit responsiveness (Diamond et al., 1993; Armstrong-same manipulation can also induce a large-scale con-
James et al., 1994; Glazewski et al., 1996) upon stimula-traction of the representation if the animal is removed
tion of the nondeprived whisker(s). Thus, the corticalfrom its home cage and given a brief opportunity to
representation of the intact whisker(s) has expanded touse its whiskers for active exploration of a different
include regions of the cortex that are no longer activatedenvironment. Both the expansion and contraction re-
by the deprived whiskers, similar to the expansion ofverse upon regrowth of the deprived whiskers. Thus,
a digit representation adjacent to an amputated digitallowing the animal to use its deprived receptor organ
(Merzenich et al., 1984). One method of inducing sensoryin active exploration can determine the direction of
deprivation in the rodent is achieved by repeatedlyplasticity in the adult cortex.
plucking all but a single ªsparedº whisker (Hand, 1982;
Fox, 1992) on one side of the face, a manipulation that
induces no structural changes to the whisker follicle (LiIntroduction
et al., 1995) or anatomical representation of a single
whisker (the barrel) (Fox, 1992). Whisker plucking in-The functional organization of primary sensory cortex
duces functional plasticity in the cortex that is compara-exhibits plasticity in response to alterations of the sen-
ble to the effects of whisker trimming (Li et al., 1995) butsory receptor surface throughout adulthood. The reor-
provides a more complete deprivation of sensory input.
ganization of the receptor surface representation in the
Although sensory deprivation is easily achieved, uni-
adult was originally observed in the somatosensory cor-
lateral removal of all whiskers causes significant behav-
tex following deafferentation of a localized region of the ioral asymmetries in exploratory scanning behavior (Mi-
body surface via damage (Kalaska and Pomeranz, 1979; lani et al., 1989). This finding, in conjunction with reports
Rasmusson, 1982) or nerve denervation (Merzenich et that the area of cortex devoted to processing informa-
al., 1983). Plasticity in the adult cortex has since been tion from a localized region of the body surface is related
demonstrated in the auditory (Robertson and Irvine, to its behavioral utility (Xerri et al., 1994; Coq and Xerri,
1989) and visual (Kaas et al., 1990) systems following 1998), raises the potential for whisker deprivation to
localized damage to the cochlea or retina, respectively. induce a use-dependent plasticity of a whisker's func-
Regardless of the sensory system, localized damage or tional representation. To address the possibility that a
denervation of a receptor surface induces an expansion correlation may exist between changes in the functional
of the neighboring intact receptor surface representa- representation and preferential use or neglect of the
tions into the deafferented cortical region (see Kaas, spared whisker, we placed a group of sensory-deprived
1991; Buonomano and Merzenich, 1998, for review). animals in an environment that encouraged whisker-
Attributing plasticity to changes in afferent activity dependent exploration and quantified their scanning be-
can be complicated by possible axon degeneration and havior. Thus, we characterized the plasticity of a single
cell death that result from the deafferentation of the whisker's functional representation in the adult cortex
receptor epithelia. These complications can be avoided before and after sensory deprivation and determined
by employing a sensory deprivation paradigm in which the extent to which changes in the representation could
be attributed to changes in the use of the deprived
sensory organ.* To whom correspondence should be addressed (e-mail: dpolley@
uci.edu). We assessed the effects of sensory deprivation on
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the functional representation of a single whisker using nondeprived receptor surface expands into regions de-
prived of peripheral input. Given that the cortical repre-intrinsic signal imaging (ISI) (Grinvald et al., 1986; Frostig
et al., 1990; Ts'o et al., 1990). ISI generates in vivo images sentation of a body surface can expand with increased
usage of that surface (Jenkins et al., 1990; Xerri et al.,of cortical activity through the thinned, intact skull with
high spatial resolution and has been used to study plas- 1994; Coq and Xerri, 1998) and complete unilateral
whisker deprivation can induce an asymmetry in whiskerticity of a single whisker's functional representation in
the developing and adult rat (Masino and Frostig, 1995, usage (Milani et al., 1989), we were interested in de-
termining whether the deprivation-induced expansionSoc. Neurosci., abstract; Masino and Frostig, 1996; Pra-
kash et al., 1996). Another advantage of the whisker could also reflect a use-dependent preference for scan-
ning with one side of the face. Animals in this treatmentdeprivation paradigm is that whiskers, once plucked,
can readily regrow, enabling us to assess the effects group were treated identically to those described above
except that they also underwent behavioral testing forof restoring the normal pattern of sensory input. Thus,
by combining the noninvasive properties of ISI with 2 min every 3±4 days (14 min total; Figure 2A; see Experi-
mental Procedures for a more detailed description ofthe reversibility of the whisker deprivation technique,
we characterized the functional representation of the the behavioral testing procedure), a procedure that
encouraged active exploration of a different environ-spared whisker before and after a period of deprivation
as well as after a period of whisker regrowth within ment with its whiskers (hereafter referred to as whisker-
guided exploration). Allowing the sensory-deprived ani-the same animal. Here, we report that the functional
representation of a single whisker can either expand or mals to use their whiskers in active exploration enabled
us to analyze their scanning behavior but also had ancontract following removal of all neighboring whiskers,
depending on subtle changes in the animal's usage of unexpected effect on the imaged representation of the
spared whisker. Instead of increasing, as in the casethe deprived sensory organ.
when animals were left in their home cage, the functional
representation of the spared whisker dramatically de-
Results creased (F [1, 7] 5 17.40; P , .005). Furthermore, no
significant interaction was found between imaging ses-
Large-Scale Expansion of the Spared Whisker's sion and threshold (F [7, 49] 5 1.11; P . 0.4), indicating
Functional Representation that a similar decrease in area was observed for all
Figure 1A illustrates the basic features of the experimen- activity thresholds. Figure 2B provides data from a rep-
tal procedure. In brief, following the first (predeprivation) resentative case as quantified at a single threshold of
imaging session and every 2±3 days thereafter, all but evoked activity, illustrating the decrease in the area of
a single centrally located whisker (C2) were unilaterally the spared whisker's functional representation. This
plucked from the follicle for the 28 day interval between contraction was evident at the level of the group average
imaging sessions. Except for the sensory deprivation (Figure 2C, black line) and occurred systematically for
procedure, the animal remained in its home cage. We all eight animals in the treatment group when shown at
observed a significant increase in the area of the spared either a single threshold of evoked activity (Figure 2C,
whisker's functional representation relative to the pre- gray lines) or as a percent change in area averaged over
deprivation area (F [1, 7] 5 14.82; P , 0.01). The degree multiple thresholds of evoked activity (Figure 2D). Not
of expansion varied with the threshold resulting in a surprisingly, the percent decrease in area (Figure 2D)
significant interaction between imaging session and was more modest than the percent increase reported
threshold (F [7, 49] 5 7.62; P , 0.01), yet the systematic above (Figure 1D), as the maximum percent by which
trend of a large-scale expansion was observed for all the area could decrease was 100%.
activity thresholds. Data from a representative case as
quantified at a single threshold are provided in Figure
The Effects of Whisker-Guided Exploration Occur1B, illustrating the expansion of the spared whisker's
Only When Coupled with Sensory Deprivationfunctional representation following removal of the neigh-
Based on the surprising contraction of the spared whis-boring whiskers. This expansion was evident at the level
ker's functional representation, we were interested in de-of the group average (Figure 1C, black line) and occurred
termining whether a brief opportunity for whisker-guidedsystematically for all eight animals in the treatment
exploration would have a similar effect on nondeprivedgroup (Figure 1C, gray lines). In order to summarize the
animals. Furthermore, we were interested in determiningdata from multiple thresholds of evoked activity, we
whether other nonspecific variables such as the chroniccalculated the average percentage change in area be-
imaging procedure per se or the anesthesia proceduretween imaging sessions for each of the eight individual
used for sensory deprivation (see the Experimental Pro-animals. Figure 1D demonstrates that the large-scale
cedures for more details) also contributed to the plastic-expansion across multiple activity thresholds was found
ity of a single whisker's functional representation. There-for all eight animals.
fore, we included a third group of animals that received
an opportunity for whisker-guided exploration but did
not have their whiskers removed.A Brief Opportunity for Whisker-Guided Exploration
during Sensory Deprivation Induces Plasticity The functional representation of the same single
whisker was assessed twice in the same animal with 28in the Opposite Direction
The increase in the area of the spared whisker's func- days between imaging sessions (Figure 3A). While there
are cases in which negligible changes are observedtional representation described above was consistent
with the concept that the cortical representation of the (Figure 3B), the area of a single whisker's functional
Plasticity in Sensory-Deprived Adult Cortex
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Figure 1. Expansion of the Spared Whisker's Functional Representation
(A) An image of the whisker C2's functional representation before and after sensory deprivation is provided for a representative animal.
Immediately following the first imaging session and every 2±3 days thereafter, all whiskers except C2 are unilaterally plucked, but otherwise
the animal remains in its home cage. After 28 days of sensory deprivation, the functional representation of the spared C2 whisker is obtained
for a second time from the same animal.
(B) Unfiltered ratio values are converted to grayscale values so that the functional representation of the C2 whisker is visualized as a dark
coherent area. The middle of the linear grayscale bar represents prestimulus baseline activity while the black and white values are set to a
decrease or increase of 2.5 3 1024 from baseline, respectively. Black and white streaks correspond to large blood vessels. Scale bar 5 1
mm. Note that the area of the spared whisker's functional representation has increased following sensory deprivation.
(C) All subjects (gray) exhibit an increase in the area of the spared whisker's functional representation assessed at the same 6 2.5 3 1024
activity threshold as the images in (B) (group mean 6 SE shown in black).
(D) Percent change in the area of the spared whisker's functional representation averaged over multiple activity thresholds is shown for each animal.
representation can exhibit varying degrees of change 3C and 3D for single and multiple activity thresholds,
respectively. The degree of variability is similar to ourover time (Figure 3C, gray lines). However, in contrast
to the other two treatment groups, the direction of these previous findings reported both within (Masino and
Frostig, 1996) and between (Chen-Bee and Frostig,changes was not systematic, and on average this group
exhibited no net change in area between imaging ses- 1996) individual subjects. Asystematic changes are pre-
sumably due to several factors, including continuoussions (F [1, 7] 5 1.49; P . 0.3), nor was there an interac-
tion between imaging session and threshold (F [7, 49] 5 modulation of cortical activity from various endogenous
neuromodulatory systems, (Levin et al., 1988; Juliano0.27; P . 0.9). The nonsystematic changes in area ob-
served across the eight animals are illustrated in Figures and Jacobs, 1995), slight fluctuations in anesthetic
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Figure 2. Contraction of the Spared Whisker's Functional Representation
(A) An image of the whisker C2's functional representation before and after sensory deprivation plus whisker-guided exploration is provided
for a representative animal. Immediately following the first imaging session and every 2±3 days thereafter, all whiskers except C2 are unilaterally
plucked. The animal additionally undergoes behavioral testing for 2 min every 3±4 days in which the animal is placed in an environment that
promotes whisker-guided exploration. After 28 days of sensory deprivation plus whisker-guided exploration, the functional representation of
the spared C2 whisker is obtained for a second time from the same animal.
(B) Unfiltered ratio values are converted to grayscale values so that the functional representation of the C2 whisker is visualized as a dark
coherent area. The middle of the linear grayscale bar represents prestimulus baseline activity while the black and white values are set to a
decrease or increase of 2.5 3 1024 from baseline, respectively. Black and white streaks correspond to large blood vessels. Scale bar 5 1
mm. Note that the area of the spared whisker's functional representation has decreased when sensory deprivation is coupled with whisker-
guided exploration.
(C) All subjects (gray) exhibit a decrease in the area of the spared whisker's functional representation assessed at the same 2.5 3 1024 activity
threshold as the images in (B) (group mean 6 SE shown in black).
(D) Percent change in the area of the spared whisker's functional representation averaged over multiple activity thresholds is shown for each animal.
state, and the inherent anatomic variability in the size different results between treatment groups (increase,
decrease, or no change) cannot be attributed to differ-of the posteromedial barrel subfield (PMBSF) between
individual animals (Riddle and Purves, 1995). ences before the manipulation, as the size of the single
whisker's functional representation was not significantly
different between treatment groups in the first imagingSummary of Plasticity in the Area of a Single
Whisker's Functional Representation session (F [2, 21] 5 1.46; P . 0.2). Therefore, we con-
clude that sensory deprivation induces an expansionThe interaction between sensory deprivation and whisker-
guided exploration is shown in Figure 4. Note that the of the spared whisker's functional representation if the
Plasticity in Sensory-Deprived Adult Cortex
627
Figure 3. The Area of a Single Whisker's Functional Representation Does Not Change in the Nondeprived Animal
(A) Two images of the whisker C2's functional representation separated by 28 days are provided from a representative animal. The animal
undergoes behavioral testing for 2 min every 3±4 days, during which time the animal is placed in an environment that promotes whisker-
guided exploration. The animal additionally undergoes a pseudoplucking procedure every 2±3 days in which it is exposed to the same treatment
as the sensory-deprived animals without the actual removal of the whiskers.
(B) Unfiltered ratio values are converted to grayscale values so that the functional representation of the C2 whisker is visualized as a dark
coherent area. The middle of the linear grayscale bar represents prestimulus baseline activity while the black and white values are set to a
decrease or increase of 2.5 3 1024 from baseline, respectively. Black and white streaks correspond to large blood vessels. Scale bar 5 1
mm. Note that the area of the C2 functional representation does not change between imaging sessions for this animal.
(C) Nondeprived animals exhibit asystematic changes in the area of the C2 functional representation assessed at the same 2.5 3 1024 activity
threshold as the images in (B). On the average (group mean 6 SE shown in black), the area of the functional representation does not change.
(D) Percent change in the area of the C2 whisker's functional representation averaged over multiple activity thresholds is shown for each
animal.
animal remains in its home cage during the period of are occurring on a surprisingly large scale, as quantitat-
ing the average percent change in area at multiple activ-sensory deprivation while inducing a contraction if the
animal is given an extremely brief (14 min out of 28 days) ity thresholds reveals an increase of 258% or a decrease
of 72% (maximum decrease achievable is 100%; Figureopportunity for whisker-guided exploration. The C2
whisker's functional representation does not change 4B). Animals that did not undergo sensory deprivation
revealed a modest tendency for the area of the singleon average if nondeprived animals are given an opportu-
nity for whisker-guided exploration (Figure 4A). More- whisker's functional representation to increase over
time (43%). Although statistical analyses reported in theover, both directions of deprivation-induced plasticity
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Although the small sample size precluded statistical
analysis, following the deprivation-induced expansion
or contraction of the spared whisker's functional repre-
sentation a near-complete reversal can be observed at
all thresholds of evoked activity if the plucked whiskers
grow back to their near-predeprivation length (see Fig-
ure 5 for data shown at a single threshold). Such revers-
ibility in the area of the spared whisker's functional
representation is compatible with reports that the topo-
graphic organization of the hand representation in the
primate somatosensory cortex is restored following re-
generation of a crushed peripheral nerve (Wall et al.,
1983). The reversibility also supports the idea that the
cortical representation of a receptor surface is dynami-
cally maintained so as to continuously reflect the state
or usage of the peripheral receptor (Jenkins et al., 1990;
Allard et al., 1991; Recanzone et al., 1992; Mogilner et
al., 1993; Faggin et al., 1997).
The Relationship between Sensory Deprivation
and Exploratory Behavior
Although a brief opportunity for whisker-guided explora-
tion induced an opposite direction of plasticity, this ef-
fect could not be attributed to preferential use of one
side of the face as no significant difference in scanning
preference was found during the period of deprivation
(F [1, 7] 5 0.45; P . 0.5). Furthermore, subjects spent
a nearly equal amount of time scanning with both sides
of the face regardless of whether they had undergone
unilateral sensory deprivation or had bilaterally intact
whisker arrays (F [1, 14] 5 0.47; P . 0.5; Figure 6A).
Figure 4. The Interaction of Sensory Deprivation with Whisker- While the sensory-deprived animals do not show a pref-
Guided Exploration erence for scanning with any one side of the face, the
(A) The average area of the C2 whisker's functional representation total amount of time spent scanning with both sides
is compared at a single (2.5 3 1024) activity threshold between the of the face is significantly correlated with the percent
first and second imaging sessions. The area is similar for all treat-
decrease in the area of the spared whisker's functionalment groups in the first imaging session but increases for sensory-
representation (r 5 0.75; P 5 .05; Figure 6B). Thus, thedeprived animals that remain in their home cage (circle), decreases
time spent in whisker-guided exploration is a fractionfor sensory-deprived animals that are given a brief opportunity for
whisker-guided exploration (diamond), and does not change for of the already brief exposure period, yet it nevertheless
animals that are given the opportunity for whisker-guided explora- accurately predicts the amount of plasticity occurring
tion but are not sensory deprived (triangle). in the spared whisker's functional representation. This
(B) Average percent change in the area of the C2 whisker's functional
relationship also indicates that whisker-guided explora-representation for all treatment groups between the first and second
tion and not the testing environment per se was criticalimaging session (mean 6 SE).
for reversing the direction of plasticity. Specifically, all
sensory-deprived animals given the opportunity for
whisker-intensive exploration were placed in the testingprevious three sections were conducted on area values,
environment for 2 min per session but spent variousthe average percent change is a useful way to character-
amounts of time within this 2 min period actively scan-ize the magnitude of the plastic changes across multiple
ning the environment with their whisker arrays. As theactivity thresholds and was subsequently compared to
degree of plasticity could be predicted by the totalchanges in exploratory behavior (shown below). We ad-
amount of time the animal spent actively scanning withinditionally found that the interaction of sensory depriva-
the 2 min period (Figure 6B), it is very unlikely that simplytion and whisker-guided exploration induced similar
changing the environment induced a reversal in the di-effects on the peak amplitude of the functional represen-
rection of plasticity.tation for each treatment group (data not shown).
Plasticity of the Spared Whisker's Functional Verification with Single Unit Recording
As the imaging data were predominantly derived fromRepresentation Is Reversible upon Regrowth
of the Previously Deprived Whiskers localized metabolic activity in the supragranular layers
of cortex, we sought to verify the extent to which plastic-In a subset of five animals (N 5 2 for sensory deprivation
group, N 5 3 for the sensory deprivation 1 whisker- ity observed with optical imaging could be observed at
the level of single neuron response properties in layersguided exploration) not used for single unit recording
(described below), the stability of the thinned skull prep- II/III. Because optical imaging was conducted through
a thinned, intact skull, we did not perform single unitaration allowed for a third and final imaging session.
Plasticity in Sensory-Deprived Adult Cortex
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Figure 5. Plasticity of the Spared Whisker's Functional Representation Is Reversible upon Restoration of Normal Sensory Input
(A) A subset of five animals were revived after the second imaging session and were allowed to have their previously plucked whiskers regrow.
Whiskers grow at 1±2 mm per day; thus, after 28 days they were nearly as long as they were before deprivation.
(B) Unfiltered ratio images from a sensory-deprived animal that remained in its home cage (top row) or was given an opportunity for whisker-
guided exploration (bottom row) are taken before deprivation, after 28 days of deprivation, and after 28 days of whisker regrowth. Ratio values
are converted to grayscale values in which the prestimulus baseline is shown as gray, and the black and white values on the grayscale bar
are set to a decrease or increase of 2.5 3 1024 from baseline values, respectively.
(C and D) Areal extent of the C2 whisker's functional representation before deprivation, after deprivation, and following deprived whisker
regrowth for two of the animals that remained in the home cage (C) and three animals that received whisker-intensive exploration (D) (group
mean shown in black). For both groups, the area of the functional representation is nearly restored to predeprivation levels across multiple
activity thresholds following regrowth of the deprived whiskers. Note differences in y axes.
recording before the onset of sensory deprivation as it the second imaging session only. We focused on the
amplitude of IS activity occurring between 0.5 and 1.5would have precluded subsequent imaging through the
intact skull. As such, our single unit recordings cannot s post stimulus onset (IS rising phase) (Polley et al.,
1999), an epoch of activity predominantly consisting ofverify the plasticity observed with imaging but could
verify the correspondence between the intrinsic signal localized oxygen consumption in the capillary bed
(Frostig et al., 1990; Malonek and Grinvald, 1996; Malo-(IS) and single unit responses measured in the second
imaging session. nek et al., 1997), as this phase of the IS is well-correlated
with the underlying area of neuronal activity (Frostig etThus, extracellular single unit recordings were con-
ducted in a subset of six animals immediately following al., 1990). Figures 7±9 illustrate single unit and intrinsic
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(the peak) and locations at increasingly greater dis-
tances from the peak. We found a strong correspon-
dence between the rising phase of the IS and single unit
responses obtained in the second imaging session for
all three treatment groups (Figures 7±9). The location
of the strongest single unit response for each animal
coincided with the location of that animal's strongest
IS response; evoked single unit response was present
at all locations containing evoked IS response; and both
decayed similarly with increasing distance from the peak
activity. Note that in the representative case in which
sensory deprivation induced an increase in the spared
whisker's functional representation (Figure 7), strongly
evoked IS and single unit responses were found at a
location that prior to sensory deprivation exhibited a
considerably weaker evoked IS response. Reciprocally,
in the representative case in which sensory depriva-
tion plus whisker-guided exploration decreased the
spared whisker's functional representation (Figure 8), no
evoked IS or single unit responses were found at loca-
tions that prior to any manipulation exhibited a robust
evoked IS response. A similar correspondence was also
found for the representative case from the treatment
group receiving whisker-guided exploration only (Fig-
ure 9).
Increases or decreases in the spared whisker's func-
tional representation might reflect nonspecific alter-
ations in the overall levels of spontaneous and/or evoked
cortical activity. If the plastic changes can be attributed
to changes in spontaneous cortical excitability, the in-
crease or decrease of the spared whisker's functional
representation should correspond, respectively, to an
increase or decrease in the spontaneous firing rate (SFR)
of individual neurons. Calculating the means and stan-
Figure 6. The Degree of Plasticity Can Be Attributed to the Total dard errors of the SFR of 74 cells recorded from the
Amount of Scanning with Whiskers but Not to Preferential Use of six animals revealed that the SFR was similar between
the Deprived versus Intact Whisker Array
animals in the deprivation only (0.60 6 0.12 spikes per
(A) Sensory-deprived animals (square) do not exhibit a significant
second, mean 6 standard error), deprivation 1 whisker-preference for scanning with the intact whisker array over the dura-
guided exploration (0.68 6 0.13 spikes per second), andtion of sensory deprivation (onset indicated by broken vertical line).
whisker-guided exploration only (0.58 6 0.16 spikes perSimilarly, nondeprived animals (circle) do not show a lateral asym-
metry in scanning behavior. Scanning preference ([L 2 R]/Total) 3 second) treatment groups. Furthermore, if the plasticity
100 yields a ratio in which a total preference for the intact side was of the functional representation was attributable to gen-
equal to 1100%, a total preference for the deprived side was equal eral changes in evoked cortical excitability, one would
to 2100%, and no preference was equal to 0%. expect to see a suppression of the evoked neuronal
(B) The total amount of time spent scanning with both sides of the
responses from animals that exhibited a decrease in theface (in seconds) is significantly correlated with the decrease in the
area of the spared whisker's functional representationarea of the spared whisker's functional representation for seven of
and an increase in the magnitude of the evoked neuronalthe eight animals that underwent sensory deprivation plus whisker-
guided exploration. The percent change in area was derived from responses from animals that exhibited an increase in
a comparison of the area of the spared whisker's functional repre- area. However, the magnitude of evoked single unit re-
sentation at multiple activity thresholds between imaging sessions. sponse for the representative case that decreased in
One subject was excluded from the correlation as the activity evoked area (Figure 8) is similar if not greater than that for the
by stimulation of the deprived whisker in the second imaging session
representative case that increased (Figure 7) in area.was not detectable at any activity threshold, and the resulting per-
Moreover, no evoked IS or single unit response can becentage change was therefore judged to be unsuitable for correla-
detected outside the spared whisker's functional repre-tion with a behavioral measure.
sentation for the representative case exhibiting an in-
crease in area (Figure 7.4), providing further evidence
signal response properties from one animal in each that the increase in area was not due to a general in-
treatment group. In each case, the direction of plasticity crease in cortical excitability.
can be determined by comparing the area of the func-
tional representation from the first imaging session Discussion
(checkered line) with the area of the functional represen-
tation from the second imaging session (solid white line). We have presented evidence for large-scale changes in
IS and single unit responses were sampled from four the area of cortex responsive to stimulation of a single
locations corresponding to the location of greatest whisker following 28 days of unilateral deprivation of
the adjacent whiskers. These changes are expressedevoked IS activity within the functional representation
Plasticity in Sensory-Deprived Adult Cortex
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Figure 7. Expansion of the Spared Whisker's
Functional Representation Was Verifiable
with Post Imaging Single Unit Recording
(Top Panel) The area quantified at the 2.5 3
1024 activity threshold has expanded be-
tween the first (checkered) and second (solid
white) imaging sessions. Peak (white cross)
and weakly evoked 0.5 3 1024 (solid black)
IS activity are also from the second imaging
session. The numerals 1±4 indicate sampling
locations. The middle of the linear grayscale
bar represents prestimulus baseline activity
while the black and white values are set
to a decrease or increase of 2.5 3 1024
from baseline, respectively. Black and white
streaks correspond to large blood vessels.
Scale bar 5 1 mm.
(Right Column) Amplitude of IS rising phase
activity (highlighted with a gray vertical bar)
as fractional change over 5.5 s has increased
in the second imaging session (black circle)
relative to the first imaging session (gray tri-
angle) for points 1±4.
(Left Column) PSTHs collected immediately
after the second imaging session are plotted
over 3 s in 5 ms bins. Solid horizontal line
indicates a significant response at P , 0.01.
Stimulus bars indicate timing of the 5 Hz stim-
ulus. Decay of single unit response magni-
tude with increasing distance from the peak
exhibits a good correspondence with decay
of IS (from second the imaging session, black
circles) sampled from the same locations. Ac-
tivity threshold coding, scale bar, grayscale
bar, and PSTH significance lines also apply
to Figures 8 and 9.
either as an expansion or a contraction of the spared period of sensory deprivation. The functional represen-
tation of the spared whisker increases if the animal re-whisker's functional representation depending on subtle
changes in the animal's usage of its whiskers during the mains in its home cage during the period of sensory
Neuron
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Figure 8. Contraction of the Spared Whis-
ker's Functional Representation Was Verifi-
able with Single Unit Recording
(Top Panel) The area quantified at the 2.5 3
1024 activity threshold has decreased be-
tween the first (checkered) and second (solid
white) imaging sessions.
(Right Column) Amplitude of IS activity has
decreased in the second imaging session
(black circle) relative to the first imaging ses-
sion (gray triangle).
(Left Column) The decay of single unit re-
sponse magnitude exhibits a good corre-
spondence with decay of IS collected in the
second imaging session (black circles).
deprivation but decreases if the animal is given an ex- whisker-guided exploration, however, can only exert
its effect when coupled with sensory deprivation, astremely brief opportunity to actively explore another
environment with its whiskers. The influence of the allowing nondeprived animals an opportunity for whis-
Plasticity in Sensory-Deprived Adult Cortex
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Figure 9. Changes in the Area of a Single
Whisker's Functional Representation in the
Nondeprived Animal Was Verifiable with Sin-
gle Unit Recording
(Top Panel) The area quantified at the 2.5 3
1024 activity threshold between the first
(checkered) and second (solid white) imaging
sessions.
(Right Column) Amplitude of IS activity has
increased in the second imaging session
(black circle) relative to the first imaging ses-
sion (gray triangle).
(Left Column) Decay of single unit response
magnitude exhibits a good correspondence
with decay of IS collected in the second im-
aging session (black circles).
ker-guided exploration does not induce systematic not permanent, as regrowth of the deprived whiskers
nearly restores the area of the spared whisker's func-changes in the area of a single whisker's functional
representation. This deprivation-induced plasticity is tional representation to its predeprivation size. There is
Neuron
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a link between the animal's behavior during the period be explained by differences in methodology, it is still
of whisker-guided exploration and the subsequent plas- not clear why providing the animals with an opportunity
ticity, however, as the total amount of time spent using to use their spared whisker in active exploration would
the whiskers on both sides of the face in active explora- result in a decrease in its functional representation.
tion accurately predicted the degree to which the spared
whisker's functional representation decreased. Finally,
we used single unit recordings to demonstrate that the A Putative Mechanism for the Observed Effects
functional representation imaged after sensory depriva- of Sensory Deprivation
tion was verifiable with a more traditional measure of Layer IV of the PMBSF of the rodent somatosensory
cortical physiology. cortex is characterized by discrete aggregates of cells
The plasticity reported here is surprising in several called barrels, each of which receives a highly circum-
respects. First, its extent is much greater than previous scribed input from the ventroposterior medial (VPm) nu-
reports of tactile deprivation in the mature cortex (Dia- cleus of the thalamus (Killackey, 1973; Lu and Lin, 1993)
mond et al., 1993; Dolan and Cahusac, 1996; Glazewski and corresponds to a single whisker in a 1:1 fashion
et al., 1996; Kossut, 1998). While sensory deprivation (Woolsey and Van der Loos, 1970). While the optical
has traditionally been shown to modify the receptive peak response of a single whisker's functional represen-
field properties of single neurons and causes local tation is centered over the appropriate barrel (Masino
changes in synaptic strength, we observed a degree of et al., 1993), optical imaging of voltage-sensitive dyes
plastic change previously associated with more invasive
(Orbach et al., 1985) or intrinsic signals (Masino and
manipulations such as limb amputation (Rasmusson,
Frostig, 1996) reveal that its area is significantly larger
1982; Merzenich et al., 1984; Calford and Tweedale,
than the area of the corresponding barrel. The large area1991; Florence et al., 1998) or nerve denervation (Mer-
of evoked activity measured with optical imaging is anzenich et al., 1983; Garraghty and Kaas, 1991; Pons et
extension of electrophysiological studies that have dem-al., 1991). Although the degree of plasticity was larger
onstrated that stimulation of a single whisker evokes anthan previous sensory deprivation studies, the direction
excitatory response that flows beyond the boundary ofof plasticity is consistent with other findings in the litera-
the corresponding barrel (Armstrong-James and Fox,ture. Namely, the area of cortical tissue responding to
1987; Armstrong-James et al., 1992) via intracorticalstimulation of the intact portion of the receptor surface
connections (Armstrong-James et al., 1991; Fox, 1994).increased.
Given the circumscribed input from the VPm into layerAs we have shown, the enlargement of the spared
IV, the large area of a single whisker's functional repre-whisker's functional representation is conditional upon
sentation obtained with optical imaging techniques isthe animal remaining in its home cage for the period of
most probably attributable to these intracortical con-sensory deprivation. If the animal is removed from the
nections that extend up to several millimeters from thehome cage and given 4 min a week to explore a different
cell body in the PMBSF (Hoeflinger et al., 1995; Gottliebenvironment using its whiskers, the area of the spared
and Keller, 1997).whisker's functional representation exhibited a surpris-
Therefore, the plasticity in the area of a whisker'sing decrease. This finding is seemingly at odds with
reports that behaviorally reinforced usage of a localized functional representation reported here can be primarily
region of the skin surface (Jenkins et al., 1990; Recan- attributed to changes in the intracortical spread of activ-
zone et al., 1992; Xerri et al., 1994; Wang et al., 1995) ity evoked by stimulation of the spared whisker. Our
or environmental enrichment (Coq and Xerri, 1998) in- findings suggest that a brief opportunity for exploratory
duce an increase in the area of that surface's cortical behavior changes the balance of inhibition and excita-
representation. The present findings differ from these tion in the sensory-deprived cortex, yielding a significant
studies in several respects. First, the plastic changes suppression of intracortically mediated activity from
described in previous studies resulted from repeated the spared whisker in animals exhibiting the greatest
training with appetitive reinforcement or extensive expo- amount of whisker-guided exploration and a potentia-
sure to an enriched environment, while the plastic tion of intracortically evoked activity from the spared
changes in the present study occurred without any overt whisker in animals that remain in their home cage during
reinforcement and follow a much shorter period of be- the period of deprivation. The hypothesis that increased
havioral exposure. Moreover, the present results de- usage of a whisker induced increased levels of inhibition
scribe the effect of behavior on the sensory-deprived
in the cortex is consistent with findings that chronic
animal, while the aforementioned studies have focused
passive whisker stimulation increases levels of glutamicon the effects of behavioral training on the nondeprived
acid decarboxylase (GAD) immunoreactivity (Welker etanimal. This is a critical difference, as nondeprived ani-
al., 1989) and decreases the levels of stimulus evokedmals exposed to the identical amount of whisker-guided
2-DG uptake in the cortical areas corresponding to thebehavior did not exhibit any significant change in the
passively stimulated whisker and as well as in the adja-area of a single whisker's functional representation. It
cent unstimulated cortical regions (Welker et al., 1992).would appear that sensory deprivation induces a height-
Future research is needed to distinguish between plasticened state of sensitivity within the cortex to active usage
changes resulting from either a recruitment or exclusionof the deprived receptor organ, usage that otherwise
of a new population of neurons into the functional repre-does not have a significant impact on the functional
sentation (as in the case of an expansion or contraction,organization of the cortex. Although differences be-
respectively) versus a change in the excitability of thetween the results of the present study and those of
previous studies on behaviorally mediated plasticity can same population of previously responsive neurons.
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1024 decrements. Statistical comparisons of areas quantified at allConclusions
eight thresholds of evoked activity were obtained with an analysisAs reports of plasticity induced by sensory deprivation
of variance (ANOVA) (Systat 7, SPSS). The percentage change inor damage to the receptor surface have invariably re-
area between imaging sessions shown in Figures 1D, 2D, 3D, 4B,
ported that the area of cortex responding to the intact and 6B was calculated by averaging the area of the functional repre-
portion of the receptor surface expands to include areas sentation obtained at low (2.0 3 1024), middle (2.5 3 1024), and high
(3.0 3 1024) thresholds of evoked activity and then applying theof the deafferented or deprived cortex, our observation
following calculation: ([Image 1 2 Image 2]/Image 1).of a decrease in the area of cortex responding to the
remaining intact whisker was unexpected. This demon-
Single Unit Data Collectionstrates that the representation of nondeprived regions
The thinned skull and dura overlying the somatosensory cortex wereof the receptor surface can contract as well as expand,
removed, and a Vaseline well was built around the exposed cortexdepending on the animal's interaction with its environ-
and filled with filtered silicone oil. Four to six supragranular penetra-
ment during the period of sensory deprivation. As ani- tions were made using a low impedance (z1.2 MV) tungsten elec-
mals are traditionally kept in their home cages during trode (Microprobe) positioned z375 mm beneath the cortical sur-
sensory deprivation, it would appear that reports on face. Penetrations were made at four loci: at the peak of IS activity,
at the 2.5 3 1024 and 0.5 3 1024 IS activity thresholds from thefunctional reorganization of the sensory representations
second imaging session, and at the 2.5 3 1024 threshold taken fromhave thus far characterized only one potential mecha-
the first imaging session. Single unit responses were separatednism of plasticity. This suggests that the widely accepted
using a waveform discriminator (Yissum, Jerusalem) and were re-
belief that an adjacent intact input will always come to corded under the identical stimulation parameters as in the optical
activate areas of the cortex formerly responsive to a imaging portion of the experiment. Each peristimulus time histogram
deprived input should be reexamined. (PSTH) consisted of 128 trials. Significance of excitatory responses
(P , 0.01) was evaluated relative to level above spontaneous activity
(Abeles, 1982). For comparison, IS activity was sampled from a 0.07Experimental Procedures
mm2 area at each penetration location.
Subjects
Twenty-four adult male Sprague-Dawley rats (345±535 g) were Sensory Deprivation
equally divided into three treatment groups according to whether Immediately following the first imaging session, animals in the sen-
they received sensory deprivation and/or whisker-guided explora- sory-deprived treatment groups had all the large whiskers except
tion between the first (before) and second (after) imaging sessions. C2 on the right side of the face plucked by carefully placing steady
Immediately following the second imaging session, single unit re- tension on the base of the whisker with a pair of forceps (Li et al.,
cording was conducted in two animals per group. Three animals 1995). Three days later and every 2±3 days thereafter, animals in all
receiving sensory deprivation plus whisker-guided exploration and three treatment groups were anesthetized with Isoflurane gaseous
two animals that underwent sensory deprivation alone were revived anesthesia. Animals in the sensory-deprivation groups had all re-
and allowed to have all whiskers regrow before a third imaging growing whiskers replucked, while nondeprived animals had the
session. forceps brushed across the surface of the face several times without
removing any of the whiskers.
Anesthesia and Surgery
For a more detailed description of methods, see Masino et al. (1993).
Behavioral TestingAnimals were anesthetized with sodium pentobarbitol at 55 mg per
Behavioral testing was assessed for the nondeprived animals andkg, with supplements of 10±15 mg per kg to maintain mild toe pinch
one of the sensory-deprived groups 8 and 1 day before the firstand corneal reflexes. For each imaging session, a 7 3 5 mm area
imaging session (to eliminate inherent scanning asymmetries andof skull overlying the left somatosensory cortex was exposed and
establish baseline values) and every 3±4 days thereafter, for a total ofthinned to z150 mm with a dental drill. A Vaseline well was built
nine sessions. Each subject was placed in a 23 cm wide rectangulararound the thinned skull and filled with saline to maintain the trans-
corridor (outer dimensions, 122 3 84 cm) and was briefly allowedparency of the skull. If the animal was to be revived, the scalp
to acclimate to the environment before the start of the 2 min testingwas sutured and antibiotics were administered. Between imaging
session. Thigmotactic scanning (Milani et al., 1989) was defined assessions, animals were housed in individual cages in 12 hr light/12
the time spent by the subject touching the walls of the rectangularhr dark cycle with food and water ad libitum.
corridor with one side of the face while locomoting. Scanning was
timed manually with a stopwatch, and scores were recorded sepa-Intrinsic Signal Data Collection
rately for both sides of the face. Scanning preference ((L - R)/Total) 3The thinned skull was illuminated with a stabilized 630 nm light
100 was calculated for each session yielding a ratio in which a totalsource and positioned beneath a slow scan CCD camera (Photomet-
preference for the intact side was equal to 1100%, a total preferencerics) fitted with an inverted 50 mm AF Nikon lens defocused 300
for the deprived side was equal to 2100%, and no preference wasmm beneath the pial surface. Intrinsic signals were collected over
equal to 0%. The testing procedure occurred in the absence of anya 5.5 s time window and divided into 500 ms frames, constituting
overt appetitive or aversive reinforcement and was conducted in aa single trial. Following 1 s of prestimulus data acquisition, a com-
quiet room under red light illumination to minimize auditory andputer-controlled mechanical stimulator (Bakin Systems 2) deflected
visual stimuli, and the apparatus was cleaned before and after everyonly the C2 whisker 1.98 at 1908/s in a rostral-caudal fashion at 5
scanning session to reduce potential olfactory cues, The nature ofHz for 1 s. Each imaging session consisted of 128 trials.
the sensory deprivation procedure was such that we were unable
technically to measure the behavior blindly. However, behavioralData Analysis
testing was conducted by an observer unaware of the experimentalIS data were quantified using a modified protocol described in detail
hypotheses.elsewhere (Chen-Bee et al., 1996; Polley et al., 1999). For each 35
square mm pixel within the 192 3 144 array, a ratio value was created
with an intratrial division analysis designed to highlight the IS activity Acknowledgments
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